Simulating microstructure evolution during forging of superalloys is of great interest for manufacturer of critical components, particularly in aerospace applications. In this research, a phenomenological approach using a mathematical model was employed into a commercial finite element code, i.e. Abaqus, to study recrystallization and grain growth of IN718 supperalloys during forging. Model validation was performed by compression testing. Results show that the measured recrystallized volume fraction and the grain size were in good agreement with the model predictions. Subsequently, the model was used to simulate the evolution of microstructure in a turbine disc. Finally, a technique based on Tagushi method was used to determine the influence of forging parameters such as forging temperature, ingot height to diameter ratio, and top die velocity on the resultant microstructure. Uniform and refined microstructure of final forging was considered into the objective function. Optimum as well as the poorest parameters combination was attained through S N analysis. As well the contribution of each parameter on microstructure development was determined through variance analysis.
Introduction
A turbine extracts energy from a hot gas flow to drive the compressor and the accessory gearbox. As inlet gas temperature of the gas turbine engine increases, its efficiency gets better. Therefore, the parts used in the turbine require to be made from superalloys which can operate in high temperature and high pressure with superior efficiency.
The turbine disc, as the object of this study is the rotating part which supports the turbine blades. During operation, gas turbine discs operate under severe conditions, such as high stress combined with centrifugal force and thermal gradient. These severe working environments require a proper forging of the disc to be performed. Grain size control in the forging of the Inconel 718 superalloy is a very important issue because the grain size is closely related to the mechanical properties and the performance of the discs [1] [2] . Na et al. [3] studied the evolution of the microstructure in the process of two-step blade forging of 718 alloy using a 3D FE simulator that contained a microstructure module. Also, Medeiros et al. [4] characterized the hot deformation behavior of IN718 alloy and obtained a relationship between the microstructure evolution and the processing map using compression testing. Zhang et al. [5] developed microstructure evolution model and studied the effect of forging parameters on the microstructure based on the processing maps in disc forging of 718 alloy. As well, in terms of optimization efforts, He et al. [6] used Tagushi method to optimize the microstructure in cylinder upsetting. In the present study a microstructure evolution model was implemented into a commercial finite element, i.e. Abaqus. A robust technique based on Tagushi method was presented to determine the influence of forging parameters on the microstructure evolution and to obtain the optimum combination of forging parameters in turbine disc forging.
Method
The objective of this study was to investigate the influence of forging parameters on the microstructure uniformity and smallness in to improve mechanical properties of heavy forgings. To achieve these goals the following steps were taken into account. First, the microstructure objective function was defined and the forging parameters were defined. Then, an appropriate orthogonal array was constructed. After the above steps, proper constitutive equations and microstructural models were implemented into Abaqus simulation software and finite element simulations were performed based on the arrangement of orthogonal array. Additionally, the results of the simulations were transferred into the Tagushi signal-to-noise (S/N) ratio. By doing this an optimum and poorest combinations of forging parameters were obtained. Finally, variance analysis (ANOVA) was performed to determine the significance of each parameter under investigation.
Constitutive Equation
To add the influence of strain rate and temperature on the flow stress, Johsnon-Cook plasticity model was used in the simulations. The Johsnon-Cook plasticity model is follows: 
where σ is the yield stress, Table 1 .
Microstructural Model
From the true stress vs. true strain curves, obtained under various strain rates and temperatures, one can deduce the variation of hardening rate with strain.
Also, the critical strain ( ) c ε for the onset of dynamic recrystallization can be obtained from the inflection point in the curves. The detailed approach is explained elsewhere [7] . The critical strain was about 0.8 times the peak strain, which corresponds to the peak stress in the plot of the true strain vs. true strain.
The critical strain is expressed as a function of initial grain size ( )
and Zener-Holloman parameter ( ) Table 2 . Generally, dynamic recrystallization Table 2 . Mathematical models for the microstructure evolution during forging of Inconel 718 alloy. er-Holloman parameter as suggested by Shen et al. [8] .
Dynamic recrystallization results show different behavior below and above 1038˚C which is the dissolution temperature of δ phase. This phase acts as an obstacle against boundary movement.
Verification of Microstructure Model
To verify the above theoretical microstructure models, the simulation results using FEM, combined with microstructure models were compared with the experimental results in the literature [3] . H. Zhang et al. [3] To validate the microstructure models, upsetting of 718 alloy specimen was simulated with Abaqus using the same conditions as mentioned above. Figure 4 shows the result of the grain size simulations which is in good agreement with the results of H. Zhang et al. [5] .
In both Figure 2 and Figure 4 three deformation zones can be identified.
Dead zone A, easy deformation zone B and free deformation zone C. During deformation, because of the effect of heat exchange and the friction with the die, the top and the bottom of the workpiece are the dead zones. For the material located in these zones, dynamic recrystallization hardly takes place, as shown in Figure 3 (a). As well, as dynamic recrystallization completes, a uniform and fine microstructure is obtained in the easy deformation zone B (Figure 3(b) ). In the The difference between the deformed shapes and the grain size in upsetting simulation and reference [5] could be due to the use of different constitutive equations, friction factors and strain rate in these situations.
Objective Function Definition
Microstructure changes, specially grain size variations, are very important to the material behavior. Theoretically, the best situation is to obtain a fine, uniform grain size, and large recrystallized volume fraction in the microstructure. In this study, the mean grain size in each finite element was introduced in which not only the recrystallized grain size and recrystallization extent were considered, but also the grain size in no recrystallization part were evaluated as well. The objective was to minimize the variance of mean grain size in all elements and the average of mean grain size in the final product, which is expressed as [9] :
where N is the total number of elements, 
Design Variables Selection and Orthogonal Array Construction
The volume of ingot was taken as a constant. Ingot height to diameter ratio H D , forging temperature T and compression speed v where chosen as design variables. Uniform and small microstructure of the final forging part was considered the objective function. Ingot height to diameter ratio was 2 -3, the initial forging temperature was in the range of 400˚C -600˚C, and the top die velocity was 3 -9 m/s. As shown in Table 3 , each parameter had three levels.
Simulations
Simulations were run in the order of orthogonal array shown in Table 4 , which was made according to Tagushi suggestion, using Abaqus/Explicit finite element code. The workpiece material was IN718 alloy. The young's modulus was 202.7
Gpa, the poisson's ratio was 0.37 and a friction factor of 0.3 between the die and the workpiece was selected. Also, an adiabatic dynamic explicit analysis was chosen because of the high speed of the process. The heat transfers between the Table 4 . Simulation results obtained from Abaqus.
S/N ratio(db) die and the workpiece was neglected. Moreover, inelastic heat fraction of 0.9 was selected to consider the effect of heat generation on the temperature rise during deformation.
Microstructure simulation was performed by implementing Table 2 equations into Abaqus. An initial grain size of 32 µm was assumed to be uniformly distributed in the workpiece.
( )

S N Analysis
The signal-to-noise ( ) S N ratio was adopted to analyze the test results in the Tagushi method. The S N function is defined as follows:
where MSD is the mean square derivation for the quality characteristics under one trial condition. Usually, there are three categories for quality characteristic.
They are: the lower-the-better, the-higher-the-better and the nominal-the better.
Regardless of the category of the quality characteristic, a greater S N ratio corresponds to a better quality characteristic.
The objective function in this work was M which shows grain size and their scattering from an average size. Ideally, both of them needed to be minimized, hence M was a the-lower-the-better quality characteristic. The mean square derivation for the-lower-the-better quality characteristic was given by: Where i y is the value of the-lower-the-better quality characteristic and n is the number of the tests for a trial condition.
The result of the microstructure objective function and its S N ratio in 9 trial conditions were calculated based on Table 3 and is shown in Table 4 . The average S N ratio of the microstructure objective function value for each parameter in levels 1 -3 are shown in Table 5 .
Considering average S N ratios and taking into account the fact that higher S N ratio is better, the optimum and the poorest combination of forge parameters are shown in Table 6 .
Final grain size simulation was run with the optimum and the poorest forge combinations. Results are shown in Figure 5 (a) and Figure 5 (b). As can be seen in these figures, the red areas in Figure 5 (a), which represents unrecrystallized regions, are nearly gone in Figure 5 (b). As a result the uniformity is better in Figure 5 (b).
ANOVA Analysis
Variance analysis (ANOVA) was performed, to quantitatively investigate the effect of the process parameters. The overall average S N ratio is expressed as:
where k is the number of the tests in the orthogonal array, and ( ) i S N is the S N ratio of the i th test. The sum of the squares due to the variation from the overall average S N ratio is:
And the sum of the squares due to the variation from the average S N ratio for the i th factor is:
where l is the number of the factor levels (l = 3 in this study), j T is the number of the tests of the i th factor at the j th level. The percentage contribution on the ith factor is given by Table 6 . The optimum and the poorest forge parameters combinations.
Optimum level poorest level
ANOVA results are shown in Table 7 . The results show a strong effect of the height to diameter ratio, and forging temperature, as well as a small effect of the die speed.
Conclusions
In this study, mathematical models were used to predict the microstructure evolution during forging of a superalloy used in turbine disc after the results were validated by compression testing. A robust process based on Tagushi method was used to determine the optimum combination of forging parameters (height (a) (b) Figure 4 . Grain size simulation for 718 alloy used in turbine disc (a) with the poorest forge parameters combination (b) with the optimum forge parameters combination. Simulations results showed more uniform microstructure with more recrystallized volume fraction in forging with an optimum combination of parameters compared with the forging with the poorest combination of parameters. Also, ANOVA analysis was used to quantitatively investigate the effect of each forging parameter on the microstructure. These later results showed a strong effect of height to diameter of the ingot, and the forging temperature compared with the top die velocity.
